Transcriptional inactivation of tumor-suppressor genes by promoter CpG island methylation is thought to be an important mechanism in human carcinogenesis. The CpG island methylator phenotype (CIMP) with extensive promoter methylation appears to be a distinct epigenetic subtype of colorectal carcinoma. Most previous studies on CpG island methylation in colorectal carcinoma used methylation-specific PCR, which may detect low levels of DNA methylation with little or no biological significance. In contrast, quantitative DNA methylation assays have been shown to provide useful information beyond that which can be achieved with methylationspecific PCR. Synchronous neoplasias provide a unique model for investigators to examine molecular alterations in multistep tumorigenesis within one individual. However, no study to date has quantified DNA methylation of CIMP-specific promoters in synchronous colorectal neoplasias. Utilizing real-time PCR (MethyLight), we quantified DNA methylation in five CIMP-specific gene promoters [CACNA1G (calcium channel, voltage-dependent, T type alpha-1G subunit), CDKN2A (p16/INK4A), CRABP1 (cellular retinoic acid binding protein-1), MLH1 and NEUROG1 (neurogenin 1)] and MGMT in six synchronous carcinoma pairs (12 carcinomas) and eight synchronous carcinoma and adenoma pairs (16 tumors). We found that while some synchronous tumor pairs showed discordant promoter methylation patterns, other tumor pairs showed similar, but not exactly identical, patterns of promoter methylation. All but two pairs showed concordant patterns of CIMP status (CIMP positive vs CIMP negative) (P ¼ 0.05 in cancer pairs). BRAF mutations were present in only CIMP-positive tumors. A high degree of microsatellite instability (MSI-H) was observed in both CIMP-positive and CIMP-negative tumors. KRAS mutations were not concordant in any synchronous neoplasia pair. In conclusion, epigenetic alterations at CIMP-specific promoter CpG islands in synchronous colorectal neoplasias likely have both random and nonrandom components.
Transcriptional inactivation of tumor-suppressor genes by promoter CpG island methylation is thought to be an important mechanism in human carcinogenesis. 1 A number of tumor-suppressor genes, such as CDKN2A (p16/INK4A), MGMT, and MLH1, have been shown to be silenced by promoter methylation in colorectal carcinoma. 2 In fact, a subset of colorectal carcinomas have been shown to exhibit promoter methylation in multiple genes, which is referred to as the CpG island methylator phenotype (CIMP). 3, 4 CIMP-positive colorectal cancers have a distinct clinical, pathologic, and molecular profile, such as associations with proximal tumor location, female sex, mucinous and poor tumor differentiation, microsatellite instability (MSI), and high BRAF and low TP53 mutation rates. [4] [5] [6] [7] [8] Methylation-specific PCR, which has been widely used in previous studies, provides only binary qualitative (ie, present vs absent) results without information of the degree of DNA methylation. Owing to this technical limitation, methylationspecific PCR cannot reliably distinguish high from low levels of methylation with little or no biological significance. By quantitative DNA methylation analysis, we have shown that most colorectal cancers with a low level of methylation in the MLH1, MGMT or CDKN2A (p16) promoters do not silence protein expression. 9 As a result, a variety of quantitative DNA methylation assays have been developed, such as real-time PCR-based assays (MethyLight). [10] [11] [12] Using MethyLight, we have previously quantified methylation of five carefully selected gene promoters [CAGNA1G (calcium channel, voltage-dependent, T type alpha-1G subunit) CDKN2A, CRABP1 (cellular retinoic acid binding protein 1), MLH1 and NEUROG1 (neurogenin 1)] in 460 colorectal carcinomas, and shown a clear bimodal distribution of 80 microsatellite instabilityhigh (MSI-H) tumors according to the number of methylated loci. 8 Considering that most previous studies using methylation-specific PCR failed to demonstrate such a clear bimodal distributions of the number of methylated promoters, 3, [5] [6] [7] our data indicated that CIMP be best characterized by quantitative DNA methylation analysis and CIMPspecific gene promoters. 8 Synchronous neoplasias in the same organ system within the same individual can provide a unique model for investigators to examine development of neoplasias through multistep carcinogenesis. These synchronous neoplasias have arisen due to very similar or the same etiologic factors, whether genetic or environmental. Previous studies have shown that synchronous colorectal neoplasias frequently have discordant molecular abnormalities, confirming that these synchronous tumors indeed have independent clonal origins. [13] [14] [15] There are previous studies that have examined MLH1 promoter methylation by methylation-specific PCR in synchronous colorectal cancers. [16] [17] [18] However, no study to date has examined CpG island methylation of multiple promoters in synchronous colorectal neoplasias by quantitative DNA methylation analysis. We hypothesized that synchronous colorectal neoplasias can develop due to a nonrandom promoter CpG island methylation with background of similar or the same etiologic factors. In this study, we have quantified DNA methylation of multiple promoter CpG islands in synchronous colorectal tumor pairs (carcinoma/ carcinoma and adenoma/carcinoma pairs), in order to evaluate whether there are nonrandom DNA methylation patterns.
Materials and methods

Study Group
In order to recruit patients into this study, we utilized the database of two large prospective cohort studies; the Nurses' Health Study (N ¼ 121 700 women), and the Health Professionals Follow-up Study (N ¼ 51 500 men). 19 Informed consent was obtained from all participants prior to inclusion in the cohort studies. All study participants were free of cancer (with the exception of nonmelanoma skin cancer) at the study entry. A subset of study participants reported the incidence of colorectal cancer through response to questionnaires. We selected patients who had two synchronous colorectal neoplasias with at least one carcinoma. Patients were excluded from this study if adequate paraffinembedded tumor tissue was not available for pathologic and molecular analysis. As a result, we identified and analyzed a total of six synchronous colorectal carcinoma pairs (12 carcinomas) from six patients and eight synchronous colorectal carcinoma and adenoma pairs (16 tumors) from eight patients. We reviewed pathology reports and recorded the location, the size, and the TNM stage of each tumor. Information of M stage was also obtained by medical record review. A family history (with either 0, 1 or Z2 first-degree relatives affected with colorectal cancer) was obtained through questionnaire. Tissue collection and analyses were approved by the Dana-Farber Cancer Institute and Brigham and Women's Hospital Institutional Review Boards.
Pathologic Evaluation and Genomic DNA Extraction
Hematoxylin and eosin (H&E) stained tissue sections of all tumors were examined under a light microscope. Degree of tumor differentiation was evaluated according to previously published criteria. 20 After pathologic review of the H&E stained slides for each case, areas composed entirely of tumor were circled on the coverslip with a felt pen to guide subsequent tumor dissection. Tumor tissue was dissected manually from additional tissue sections by a sterile needle. Normal colonic tissue was obtained from the margins of the resection specimens. The dissected tissue was placed in buffered proteinase K solution at 561C for 3 h. Genomic DNA was extracted using QIAmp DNA Mini Kit (Qiagen, Valencia, CA, USA), according to the manufacturer's instructions.
Real-Time PCR (MethyLight) for Quantitative DNA Methylation Analysis
Sodium bisulfite treatment on genomic DNA was performed as described. 9 Real-time PCR to measure DNA methylation (MethyLight) was performed as previously described. [10] [11] [12] We used ABI 7300 (Applied Biosystems, Foster City, CA, USA) for quantitative real-time PCR. Briefly, using seven sets of primers and probe, we amplified promoters of the six genes of interest (CACNA1G, CDKN2A (p16/ INK4A), CRABP1, MLH1, NEUROG1 and MGMT). COL2A1 (the collagen 2A1 gene) was used to normalize for the amount of input bisulfite-converted DNA. 9, 12 Primers and probes were previously described as follows: CDKN2A, MGMT and COL2A1; 12 CACNA1G, CRABP1 and NEUROG1; 8 and MLH1. The percentage of methylated reference (PMR ie degree of methylation) at a specific locus was Synchronous colorectal neoplasia epigenetics S Ogino et al calculated by dividing the GENE:COL2A1 ratio of a sample by the GENE:COL2A1 ratio of M. SssI-treated human genomic DNA (presumably fully methylated) and multiplying by 100. 21 The PMR cutoff of 4 was previously validated. [8] [9] [10] [11] [12] 21, 22 Furthermore, we have shown that methylation positivity in CDKN2A and MLH1 determined by the PMR cutoff of 4 was highly correlated with loss of respective protein expression (Po10 À16 ).
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Precision and performance characteristics of bisulfite conversion and subsequent MethyLight assays have been previously evaluated and the assays have been validated. 9 All of the six genes showed frequent promoter hypermethylation in cancerous tissue, and infrequent, low levels of methylation in normal colonic mucosa.
The CIMP was defined as the presence of Z4 methylated promoters among five gene promoters including CACNA1G, CDKN2A, CRABP1, MLH1 and NEUROG1. 8 All of the five promoters showed high sensitivity (490%) and/or specificity (490%) for the prediction of CIMP status. 8 MGMT was not included in the CIMP panel because of its low sensitivity (B62%) and specificity (B66%) for the prediction of overall CIMP status. 8 
MSI Analysis
For MSI analysis, whole genome amplification of genomic DNA was performed by PCR using random 15-mer primers. 23 Methods to determine MSI status have previously been described. 24 In addition to the recommended MSI panel consisting of D2S123, D5S346, D17S250, BAT25 and BAT26, 25 we also used BAT40, D18S55, D18S56, D18S67 and D18S487 (ie, 10-marker panel). 24 All microsatellite analyses except for D2S123, D5S346 and D17S250 were performed in duplicate. A 'high degree of MSI' (MSI-H) was defined as the presence of instability in Z30% of the markers. A low degree of MSI (MSI-L) was defined as the presence of instability in o30% of the markers, and 'microsatellite stable (MSS)' tumors were defined as tumors with no unstable marker.
KRAS and BRAF Sequencing
Methods of PCR and sequencing targeted for KRAS codons 12 and 13, and BRAF codon 600 have been previously described. 26 All forward sequencing results were confirmed by reverse sequencing. KRAS sequencing was validated by Pyrosequencing technology as previously described. 23 
Results
We analyzed a total of 12 synchronous colorectal carcinomas from six patients and and eight synchronous carcinoma-adenoma pairs (16 tumors) from eight patients. Clinical and pathologic features of these synchronous tumors were listed in Tables 1  and 2 . All of the synchronous tumors were grossly separate lesions although some synchronous tumors were located in the same anatomic location in one individual (Case 1, 11 cm apart in ascending colon; Case 4, 5 cm apart in ascending colon; Case 13, 3 cm apart in sigmoid colon; Cases 7, 8 and 14, precise distances between two synchronous lesions unknown). There were no serrated adenomas analyzed, in the study group. We quantified methylation of six gene promoters of interest (CACNA1G, CDKN2A, CRABP1, MLH1, NEUROG1 and MGMT). We have previously shown that promoter methylation in each of the first five gene promoters (CACNA1G, CDKN2A, CRABP1, MLH1 and NEUROG1) is highly predictive for CIMP. 8 We also sequenced the KRAS and BRAF genes, and determined MSI status of the synchronous tumors.
Quantitative DNA methylation analysis revealed similar patterns of promoter methylation between two synchronous carcinomas in most cases (Table  1) . For instance, high degrees of promoter methylation were observed in five genes in both of two cancers from Case 1, with only MGMT showing a discordant pattern of methylation. Likewise, cancer pairs from Case 3 and Case 6 showed similar patterns of methylation in MGMT; a cancer pair from Case 5 also showed a similar pattern of methylation in CDKN2A, CRABP1 and MGMT. On the other hand, a cancer pair from Case 4 showed a similar pattern of DNA methylation in CRABP1, but not in CACNA1G, CDKN2A and NEUROG1. A cancer pair from Case 2 showed a completely discordant pattern of DNA methylation with one tumor showing methylation in all six promoters and the other showing no methylation in any of the six promoters. Except for Case 2, all of the other pairs showed concordant patterns of overall CIMP status (a CIMP-positive pair in Case 1, and non-CIMP pairs in Cases 3 through 6). Based on the overall frequency of CIMP in colorectal cancer by our previous study (17% ¼ 78/460), 8 a statistical significance level of finding these concordant CIMP status patterns is
). All CIMP-positive carcinomas (two from Case 1 and one from Case 2) exhibited five methylated CIMP-panel promoters, high degree of MSI (MSI-H) and BRAF mutations. KRAS mutations were not concordant in any of the pairs when at least one of the two cancers had a KRAS mutation.
Quantitative DNA methylation analysis also revealed similar patterns of promoter methylation in some pairs of synchronous colorectal carcinoma and adenoma (Table 2) . For instance, a tumor pair from Case 7 showed high degrees of methylation in MGMT and low levels of methylation in CDKN2A; a tumor pair from Case 11 showed methylation in only CRABP1; and a tumor pair from Case 12 showed methylation in MGMT and CRABP1 (very low levels). Tumor pairs from Case 8, Case 13 and a The presence of colorectal cancer in any first-degree relative. b Grey shading indicates PMR > 4 (positive for significant methylation). c Note that MGMT was not included in the CIMP promoter panel.
d KRAS mutations are described as the codon number, followed by mutated codon. Wild-type codon 12 is GGT and wild-type codon 13 is GGC. e BRAF mutations are described as mutated codon 600. Wild-type codon 600 is GTG.
Abbreviations: A, ascending colon including cecum; H, MSI-high; MDC, moderately differentiated carcinoma; MSI, microsatellite instability; PDC, poorly differentiated carcinoma; R, rectum; RS, rectosigmoid colon; S, microsatellite stable; Sig, sigmoid colon; WDC, well-differentiated carcinoma; WT, wild-type. v2 first degree Synchronous colorectal neoplasia epigenetics S Ogino et al Case 14 showed somewhat concordant and discordant patterns of DNA methylation. On the other hand, tumor pairs from Case 9 and Case 10 showed discordant patterns of promoter methylation. Only one carcinoma from Case 10 was CIMP positive (5/5 methylated CIMP-panel promoters) with MSI-H phenotype and BRAF mutation. Except for this Case 10, all of the other pairs showed concordant patterns of overall CIMP status as non-CIMP. All of the other MSI-H tumors in the carcinoma-adenoma pairs, including carcinomas of Case 7, Case 11 and Case 14 and adenoma of Case 11, were non-CIMP with wild-type BRAF. KRAS mutations were not concordant in any of the pairs when at least one of the two tumors had a KRAS mutation. Although detailed family history could not be obtained, Case 11 might be a case of hereditary nonpolyposis colorectal cancer (HNPCC) given Z2 affected firstdegree relatives and synchronous MSI-H carcinoma and adenoma with no MLH1 methylation.
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Discussion
The purpose of this study was to examine whether patterns of epigenetic alterations at specific promoter CpG islands are nonrandom in synchronous colorectal neoplasias. Synchronous neoplasias in single individuals present a unique model for investigators to evaluate the process of cancer development. Utilizing quantitative DNA methylation analysis on a panel of 5 CIMP-specific, markers (CACNA1G, CDKN2A, CRABP1, MLH1 and NEUROG1) and MGMT, we found that some synchronous tumor pairs showed similar, but not exactly identical, patterns of promoter methylation; thus, promoter methylation in synchronous colorectal neoplasias appears to have both random and nonrandom components. In addition, overall CIMP status in synchronous colorectal cancers was significantly concordant (P ¼ 0.05). Each of the five makers (CACNA1G, CDKN2A, CRABP1, MLH1 and NEUROG1) have been previously shown to be a sensitive and specific marker for the prediction of overall CIMP status, 8 and hence, methylation of these markers likely reflects overall methylation status of CIMP-specific promoter CpG islands in the human genome. Therefore, our results suggest that at least some epigenetic alterations at specific promoter regions in synchronous neoplasias are likely nonrandom.
Using a panel of the five CIMP-specific markers (CACNA1G, CDKN2A, CRABP1, MLH1 and NEU-ROG1), we have previously demonstrated a clear bimodal distribution of MSI-H tumors according to the number of methylated markers; 8 all 80 MSI-H tumors showed either Z4/5 methylated promoters (CIMP positive) or r2/5 methylated promoters (CIMP negative or non-CIMP) with no tumor showing 3/5 methylated promoters. 8 In addition, MGMT was included in this study because of its functional significance; promoter methylation and silencing of MGMT has been associated with G4A mutations in KRAS and TP53, 27, 28 and its promoter methylation in normal colonic mucosa may be significant as a field effect (or field defect) in colorectal cancer development. 29, 30 Our study utilized quantitative real-time PCR (MethyLight) to measure DNA methylation. In contrast to our quantitative method, methylationspecific PCR-based assays have been widely used to determine promoter methylation in multiple genes and to determine CIMP status. 3, [5] [6] [7] 31, 32 However, methylation-specific PCR cannot reliably distinguish high from low levels of DNA methylation, the latter of which has been shown to be little or no biological significance. 9 In fact, we have previously shown that most colorectal cancers that show low levels of methylation (PMRo4 by MethyLight) in the CDKN2A (p16), MLH1 and MGMT promoters do not silence protein expression. 9 Thus, we feel that studies that have evaluated CIMP status by nonquantitative methylation-specific PCR assays should be evaluated with caution.
Several previous studies have examined promoter CpG island methylation in synchronous colorectal neoplasias with at least one carcinoma. Chan et al 17 examined MSI status, methylation and expression of MLH1 in 33 synchronous colorectal cancers in 14 individuals, and found that only one patient showed methylation in all synchronous tumors, whereas five patients showed discordant methylation status among their synchronous tumors. The authors concluded that synchronous tumors arised as independent events and that the slightly greater frequency of synchronous tumors in individuals with MSI-H cancers was likely to be a chance event reflecting the older age of these individuals rather than arising from a predisposition to promoter hypermethylation in colorectal epithelium. 17 Norrie et al 17 analyzed methylation in only one marker (MLH1) by methylation-specific PCR. The role of predisposition to promoter hypermethylation needs to be investigated more comprehensively using a carefully selected panel of methylation markers. Dykes 16 analyzed only one marker (MLH1) by methylation-specific PCR, and only tested pairs in which at least one tumor was a MSI-H tumor with loss of MLH1 expression. Frigola et al 34 analyzed six promoters (MLH1, APC, CDKN2A (p16), p14, MGMT, and LKB1) in 11 synchronous adenoma-carcinoma pairs, and stated, 'the methylation profile was not always coincident in the adenoma-carcinoma pairs (data not shown), suggesting the basic role of stochastic components behind the occurrence and clonal expansion of these alterations.' Frigola et al 34 used methylation-specific PCR assays and their detailed data were not shown.
This study is the first to quantify DNA methylation of a carefully selected CIMP-specific promoters in synchronous colorectal neoplasias. While there were some synchronous tumor pairs that showed discordant promoter methylation patterns, other synchronous tumor pairs showed similar promoter methylation patterns, suggesting that epigenetic alterations in synchronous colorectal neoplasias likely have both random and nonrandom components. Our study is limited by a small number of study subjects, and a study using a larger number of patients is necessary to better elucidate a role of DNA methylation in the development of synchronous colorectal neoplasias.
In summary, we have shown that epigenetic alterations in synchronous colorectal tumor pairs likely have both random and nonrandom components. The predisposition to DNA methylation in specific promoter CpG islands may play a role in the development of synchronous colorectal neoplasias. Finally, our data indicate that quantitative DNA methylation analysis is a valuable method of determining CpG island methylation status in colorectal carcinoma and adenoma.
Note added in proofs
The non-random promoter methylation pattern may result from 'field effect' of DNA methylation in normal or preneoplastic mucosa, which may predispose to the development of colorectal neoplasias. 29, 30 
